Microbial biofabrication is emerging as eco-friendly, simpler, and reproducible alternative to chemical synthesis of metals and semiconductor nanoparticles, allowing generation of rare geometrical forms such as nanotriangles and nanoprisms. Highly confined nanostructures like triangles/prisms are interesting class of nanoparticles due to their unique optical properties exploitable in biomedical diagnostics and biosensors. Here, we report for the first time a single-step biological protocol for the synthesis of gold nanotriangles using extract of endophytic actinomycetes Saccharomonospora sp., isolated from surface sterilized root tissues of Azadirachta indica A. Juss., when incubated with an aqueous solution of chloroaurate ions (AuCl − 4 /1 mM). Thin, flat occasionally prismatic gold nanotriangles were produced when aqueous chloroaurate ions reacted with the cell-free extract as well as with the biomass of endophytic Saccharomonospora. It was evidenced from sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis that proteins of 42 and 50 kD were involved in biosynthesis as well as in stabilization of the nanoparticles. The particle growth process was monitored by UV-vis spectroscopy, and the morphological characterization was carried out by transmission electron microscopy and atomic force microscopy together with X-ray powder diffractions. Although the exact mechanism for this shape-oriented synthesis is not clear so far, the possibility of achieving nanoparticle shape control in a microbial system is exciting.
Background
Metal nanoparticles (NPs) are of great interest due to their specific function, determined by their size, shape, composition, and crystallinity [1] ; therefore, nowadays controlled synthesis of metal nanoparticles with welldefined shape and size is among one of the most fascinating aspects of nanoparticle research. The combination of size and shape provides very unique electronic, magnetic, catalytic, and optical properties to these metal nanoparticles that can be exploitable in the rapidly growing nanoindustries. There are exciting potential of nanoparticles in catalysis [2] [3] [4] [5] [6] [7] , DNA sequence recognition [8] [9] [10] , nonlinear optical devices [11] , biological sensors [12, 13] , information storage [14] , and plasmonics [15] . These properties are mainly due to their optical and electronic attributes modulated by their shape and size [16, 17] . The engineered NPs might be utilized in interesting applications related to biomedical science and other areas like optics and electronics [4, 12, [18] [19] [20] . Currently, many chemical synthesis methods are employed and modified accordingly to control the physical and optical properties of metal NPs. Many of these protocols are still in the phase of modification and development to be able to control over the crystal growth and aggregation of NPs [21] [22] . A novel approach for the synthesis of highly structured nanomaterials is the microbe-mediated synthesis, although microbial application for remediation of toxic metals were reported since long back, but their use to synthesize advanced materials at nanoscale has been recently become more common [23] [24] [25] [26] [27] [28] . Several bacterial and fungal strains such as bacteria Lactobacillus [29] , fungi Verticillium and Fusarium spp. [30, 31] , and actinomycetes Thermomonospora and Rhodococcus spp. [32] [33] [34] have the potential to bio-reduce the metal ions especially gold into several well-defined shape and sizes. Gold and silver nanoparticles of triangular morphology are particularly interesting for investigation because of their potential biomedical applications [35, 36] . The synthesis of nanoparticles using chemical methods (Turkevich recipe) has been reported and used routinely, but often these chemically synthesized gold nanotriangles are less stable, in addition to the toxic byproducts of these reactions that create environmental hazards and potential risk to the human lives in several means [37] . Thus, microbe-mediated synthesis of nanomaterials of desired shape should be a good alternative to the chemical method that can effectively reduce environmental toxicity. Earlier, our group has made successful efforts in the biosynthesis of silver and gold nanoparticles from endophytic microbes [38] [39] ; besides that, a few other endophytic strains were also reported for their potential in biosynthesizing the nanomaterials [35] . Here in this report, we propose the single step 'green-synthesis' of gold nanotriangles from an endophytic actinomycetes Saccharomonospora sp. isolated from sterilized root tissues of Azadirachta indica A. Juss. plant. This is the first report about the potential of this strain Saccharomonospora sp. in synthesis of gold nanoparticles. In particular, we studied the reduction of aqueous chloroaurate ions by both the biomass as well as the fermentation extract of the Saccharomonospora sp. Under given conditions we observed a rapid extra-cellular growth of gold nanoparticles especially triangles that are stable in the solution.
Methods

Materials and instruments
Hydrogen tetrachloroaurate (HAuCl 4 .3H 2 O) was purchased from Aldrich chemicals (St. Louis, MO, USA). Ultrapure deionized water (Milli Q; Millipore Corporation, Billerica, MA, USA) was used throughout the experiments. Transmission electron microscopy was performed using TECNAI 12v.G 2 instruments (FEI Corp., Hillsboro, OR, USA) operating at 120 kV, and micrographs were taken after drop coating with 100 μl of nanoparticles on a carbon-coated copper transmission electron microscope (TEM) grid of 300 mesh size. UV-visible spectra were obtained with a Hitachi UV-2910 detector (Hitachi America Ltd., Brisbane, CA, USA).
Isolation of endophytic Saccharomonospora sp.
Isolation of Saccharomonospora sp. was carried out from surface-sterilized root tissues of A. indica A. Juss. sampled from several of its natural habitats in northern India including the campus of Banaras Hindu University, as previously described [40] . Briefly, the root tissues were cut in to small segments (5 cm) and rinsed in running tap water for 10 min followed by a rinse in sterile distilled water. After successive surface treatment in 70% ethanol (for 5 min), followed by 2 min dip into 5% sodium hypochlorite solution and then again rinsed in 90% ethanol for 1 min, the surface-treated root tissues were then kept in 10% NaHCO 3 to reduce growth opportunity for any fungal strains. Then the tissues were again rinsed three times in sterilized distilled water and aseptically cut into small pads (0.5 × 0.5 cm 2 ). The small pads were carefully placed onto potato dextrose agar plates (supplemented with 50 μg/ml cyclohexamide to control fungal growth and 20 μg/ml of tetracycline to restrict bacterial growth) and incubated at 25°C for 20 days until the growth of endophytic actinomycetes appeared. Based on literature and other morphotaxonomic features [40] as per the Bergey's manual, one of the actinomycetes was identified as Saccharomonospora sp.
SDS-PAGE and protein profiling of Saccharomonospora sp.
To gain further insight into the role of specific proteins responsible for the generation of the triangular gold nanoparticles (AuNPs), we carried out the protein profiling of endophytic Saccharomonospora sp. by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The total proteins from Saccharomonospora (Sc) extract and Sc-AuNPs reaction supernatants were resolved on 4% to 20% tris-glycine minigel followed by coomassie brilliant blue staining. The harvested biomass of the endophytic Saccharomonospora sp. was used to prepare an extract for the protein estimation. The nanoparticles contained in the protein extracts were centrifuged at 20,000 ×g. After centrifugation, 2 ml of the supernatant was concentrated to 300 μl by using membrane filters. In separate microcentrifuge tubes, 50 ml of each Saccharomonospora extract and gold nanoparticle reaction supernatant was mixed with equal volumes of ×2 Laemmli sample loading buffer with 2-mercaptoethanol and were heated at 95°C for 5 min, and 20 μl of each of the samples was resolved on a tris-glycine (4% to 20%) minigel. One well of the gel was loaded with 10 μl of standard protein molecular weight marker and the gel was subsequently stained with coomassie brilliant blue stain.
Biofabrication of gold nanotriangles
Actinomycetes biomass used for biosynthetic experiments was grown aerobically in liquid medium containing the following per liter: 10 g dextrose, 4.0 g casein hydrolysate, 0.5 g K 2 HPO 4 24 .4H 2 O, and 0.6 mg ZnSO 4 · 7H 2 O in 1,000 ml of deionized water. The Erlenmeyer flasks were inoculated with spores and incubated at 26°C ± 2°C with shaking (150 rpm) for 72 h up to 25 days. After the incubation the biomass was filtered (Whatman filter paper no. 1; Whatman International Ltd., Banbury, Oxon, Oxford, UK) and then extensively washed with distilled water to remove any medium component adhered with the biomass. Fresh and clean biomass was taken into the Erlenmeyer flasks containing 100 ml of Milli Q deionized water. The flasks were agitated at the same conditions as described above for 5 min, and then the biomass was filtered again and was used in next experiments. About 20 g (wet weight) of biomass was brought into contact with 100 ml aqueous 1 mM HAuCl 4 solution in an Erlenmeyer flask and incubated on an orbital shaker at 200 rpm at room temperature. The crude fermentation extract is also used as spent free reducing agent when challenged with HAuCl 4 (1 mM of final concentration). An aliquot of 10 ml fermentation extract was added into 90 ml of 1 mM HAuCl 4 and incubated as mentioned above. Aliquots of the reaction mixture solution were removed periodically for UV-vis spectroscopic measurements which were operated at a resolution of 1 nm.
Characterization of gold nanotriangles
Observation of the color change in the cell filtrate after treatment with HAuCl 4 was the preliminary detection of the formation of gold nanoparticles. Gold nanoparticles were isolated and concentrated by repeated (4-5 times) centrifugation of the reaction mixture at 15,000 g for 20 min. The characterization of gold nanotriangles was carried out by X-ray powder diffractions (XRD) (Cu-Kα radiation source) using a 12 kW rotating Cu anode based Rigaku (Tokyo, Japan) powder diffractometer (RINT 2000/ PC series) operating in Bragg-Brentano geometry and fitted with a curved crystal graphite monochromator in the diffraction beam and a high temperature attachment. Finally, the gold nanoparticles were characterized by measurements of their vertices under transmission electron microscopy (Tecnai (FEI)-12v.G 2 ) and surface topology was measured by atomic force microscopy (AFM) in the contact mode on a VEECO Digital Instruments (Plainview, NY, USA) multimode scanning probe microscope equipped with a Nanoscope IV controller.
Results
When the biomass and fermentation extracts of Saccharomonospora sp. were brought into contact with HAuCl 4 aqueous solution, a rapid change in the color of the reaction mixture was observed after 6 h which further deepened after 12 h of incubation, and the initial transparent color of the reaction mixture turns into pink color ( Figure 1, inset a) . After 48 h of incubation, this completely turns into a dark tan color (Figure 1, inset b) which indicates the extracellular biosynthesis. Within 6 h of reaction incubation, the surface plasmon resonance (SPR) peak was observed at ca.536, which further intensifies after 12 h, but the shift of the SPR peak at 48 h of incubation from 536 to 560 nm indicates a sharp reduction in the particle size. The SDS protein profiling as shown in Figure 6 ). The AFM analysis of the gold nanotriangles was shown in Figure 7 . The 3D image shows the surface roughness to a maximum of 700 nm; however, many nanostructures have surface roughness bellow 100 nm size. Vertical stacking defaults of nanotriangles were observed as they grow in crystals, which results in overall vertical clumps of nanostructures (encircled area, inset in Figure 7) . Figure 4a ,b shows representative TEM micrograph of the thin sections of Saccharomonospora cells synthesized after challenging with chloroauric acid for 12 h. At low magnification, the images showed small particles of gold (Figure 4a ) representing several morphologies including triangles bound to the inner surface of the cell wall ( Figure 4a,b) ; however, the triangular nanoparticles were varied in size (from smallest 26 nm to largest up to 100 nm).
Discussion
The extract of endophytic actinomycetes Saccharomonospora sp. is for the first time investigated as potential reducing agent of noble metal aqueous ion solution, especially gold. This strain occupies a very unique niche 'the intercellular spaces' within internal healthy tissues of higher plants. This unique biotope often equipped these microbes with the phenomenal potential to cope with several environmental and anthropogenic stresses. By several means, these microbes have a greater living expectancy than their counterpart isolated from soil or any other conventional habitats. This is simply because these microbes have a rich suite of enzymes that work under stresses and probably are responsible for the better reduction of the noble metal ions as compared to their wild strains. When the biomass and fermentation extracts of Saccharomonospora sp. were brought into contact with HAuCl 4 aqueous solution, a rapid change in the color of the reaction mixture was observed after 6 h. This indicates the extracellular reduction of metal ions. The color of the nanoparticle aggregates appeared to vary as the interparticle distance changes, a phenomenon attributed to the SPR of nanoparticles [41] . Within 6 h of reaction incubation, the SPR peak observed further intensifies, which indicates a sharp reduction in the particle size; it probably seems that the nanoparticles were snipped at their margins with this length of incubation. This indicates that as the tips of the nanotriangles become snipped, the SPRs start a blue-shift (to shorter wavelengths) because the electron cloud density changes across the particle surface. Thus, the optical features to particle size shape and chemical environment is directly dependent on nanoparticles SPRs, charge distribution, and the dielectric environment. When excited, the SPRs of gold nanoparticles could scatter and/or absorb light in the visible or the near-infrared spectrum [42] , an extremely useful and exploitable property for in vivo optical imaging techniques such as photoacoustic [43] and photon luminescence imaging [44] . The SDS protein profiling revealed that the bands corresponding to 42 and 50 kD in lane 1 gradually declined in lane 2 and almost disappeared in lane 3. This indicates that polypeptides of this size range are involved in the synthesis and in stabilization of the gold nanoparticles. Aside from gold nanotriangles, there were large number of other shapes like hexagons and rough spheres also observed (Figure 4a ). This clearly indicates that the longitudinal component of SPR band (as shown in Figure 1 ) arises due to the presence of gold nanotriangles in the reaction solution. It is remarkable that the edges of a few triangles were found truncated or snipped at their margins, which suggested that they were remarkably thin, and as measured by TEM, the thicknesses of these triangles were about 6 to 8 nm. This was also in accordance with the UV-vis measurements which observed that as the reaction mixture was incubated for the longer time, a blue shift of the SPR bands was observed which is due to reduction of nanoparticles by snipping. Gold nanotriangles obtained by Saccharomonospora extract were found to be polycrystalline in nature. As seen from the XRD pattern, a very intense Bragg reflection for the [111] lattice was observed, suggesting that the [111]-oriented gold nanotriangles are lying vertical on the planar surface. This is also observed with AFM study (Figure 7 ), while the reflections correspond to [220] and [311] with lattice spacing of 1.44 and 1.23 A°is specific for the triangular morphology. It is also notable that the ratio of intensity between the [200] and [111] diffraction peaks for the prepared sample is much lower than the standard, and this ratio rationally decreased as the particles size increased. This observation confirms that the as-formed gold nanoparticles are primarily dominated by [111] facets, which are quite consistent with the other diffraction observations [45] . The single crystal was not resolved with AFM study due to vertical stacking faults, and thus measurements and estimation of the size for single nanotriangles were not performed. To get some more insight into the phenomenon of microbial biofabrication, the treated biomass of Saccharomonospora sp. was subjected to the TEM analysis to know about the exact location of the reaction process within the cellular metabolism. At slightly higher magnification, one TEM image shows two nanotriangles overlapping each other on the cytoplasmic membrane (Figure 4b) . Furthermore, the concentration of gold nanoparticles was much higher on the cytoplasmic membrane than on the cell wall. The presence of other shapes indicates that many particles were not transformed into triangle due to the lack of nucleation or undergone surface reorganization in such a way that they no longer exhibit the ideal triangular shape (Figure 4b ). Although the mechanism of the formation of these special nanostructures in microbial systems is not fully explored, it seems that microbial systems might be easily manipulated for the controlled synthesis of nanoparticles, with a predefined shape such as nanotriangles. Thus, the possibility of achieving nanoparticle shape control synthesis in a microbial system is exciting.
Conclusions
The formation of gold nanoparticles of well-defined triangular shape and good monodispersity from endophytic Saccharomonospora sp. was obtained with the specific SPR function. Additionally, two proteins (42 and 50 kD) identified were involved in the synthesis and stability of these highly structured nanotriangles. In the future, it would be significant to go deep into the mechanism of biosynthesis to technologically engineer the nanoparticles in order to achieve better control over the size, shape, and monodispersity of nanoparticles. The preliminary results obtained in this study indicate the possibility of getting control over the shape and size of nanoparticle in this microbial system.
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